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1
HEMT STRUCTURE WITH
IRON-DOPING-STOP COMPONENT AND
METHODS OF FORMING

BACKGROUND OF THE INVENTION

III-nitride semiconductors are very promising materials for
use in high-electron mobility transistor (HEMT) structures,
which typically include a carrier-supplying layer and a chan-
nel layer supporting the carrier-supplying layer. A semi-insu-
lating buffer layer generally is required for electrical insula-
tion of the HEMT structure from a substrate, and to provide
tight charge control of the HEMT channel layer of the HEMT
structure. Often, two types of gallium nitride (GaN) buffer
layers are employed as the buffer layer: the first being a
nominally-undoped GaN layer adjacent to the channel layer
where intrinsic defects, such as dislocations and carbon impu-
rity render semi-insulating properties; and the second being a
GaN layer relatively remote from the channel layer that is
intentionally doped with iron (Fe). The iron-doped buffer
layer effectively isolates the HEMT structure from the under-
lying substrate by trapping free electrons in iron-impurity-
related centers within the crystal structure.

The effectiveness of intentionally-doped buffer layers is
often limited by the limited ability to control the concentra-
tion of doping during fabrication of the buffer layer. In par-
ticular, the profile of iron doping across an intentionally-
doped buffer layer exhibits severe delay and a slow rise in the
concentration of the iron upon introduction of iron during
deposition of the layer and also very slow decay in the con-
centration of iron after terminating introduction of iron to the
vapor from which the buffer layer is deposited. For example,
as demonstrated by Rudzinski et al., Phys. Stat. Sol. (¢) 3, 6,
2231-2236 (2006), after the introduction of iron to a gaseous
phase above a buffer layer has terminated, the concentration
of iron over a large thickness of GaN (e.g. 1 um or larger)
decreases very slowly. This slow diminishment in iron con-
centration has been attributed to segregation of iron on the
surface of GaN as it forms (Heikman et al., App. Phys. Lett.
81,439 (2002)). Moreover, if decay in iron concentration of a
nominally-undoped buffer layer is not complete, iron can
become incorporated into the overlying channel layer,
thereby degrading performance characteristics of the result-
ing HEMT structure, as demonstrated by Desmaris et al.
IEEE Trans. Electron Devices 52, 9, 2413-2417, (2006).

One attempt to solve the problem of iron contamination of
the HEMT channel layer is to concentrate iron at a portion of
the bufter layer that is relatively close to the substrate, and to
leave the portion of the buffer layer relatively close to the
channel layer essentially undoped. As a consequence, the
GaN buffer layer has a concentration of iron doping that is
modulated across the thickness of the buffer layer, whereby
the highest concentrations of iron doping are relatively
remote from the overlying channel layer. One limitation that
is commonly associated with such modulated iron-doping is
that the resulting HEMT structure is vulnerable to excessive
leakage and poor device pinch-off due to undesirable electron
conduction in the relatively undoped part of the GaN buffer
layer.

Therefore, a need exists for a gallium nitride-based HEMT
structure within an iron-doped buffer layer, and for methods
of forming such structures, that overcome or minimize the
above-referenced problems.

SUMMARY OF THE INVENTION

The invention generally is directed to an iron-doped high
electron-mobility transistor (HEMT) structure that includes a
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buffer layer having doped buffer layer component and an
iron-doping-stop layer adjoining the doped buffer layer that
has an iron concentration that drops precipitously over an
average thickness in a range of between about 1 nm and about
100 nm, and to a method of forming the iron-doped high
electron-mobility transistor structure of the invention.

In one embodiment, the iron-doped high electron-mobility
transistor structure includes a substrate, a nucleation layer
over the substrate, and a buffer layer over the nucleation layer.
The buffer layer includes an iron-doped layer over the nucle-
ation layer. Preferably, the iron-doped layer is doped with iron
ata level that is essentially constant from the nucleation layer
to an iron-doping-stop layer, over an average thickness of at
least about one micrometer ((im). A nominally-undoped iron-
doping-stop layer adjoins the iron-doped layer, and has an
iron concentration that depends on the iron concentration in
the iron doped layer. The iron concentration in the iron-
doping stop layer equals or is higher than that in the iron-
doped layer. A channel layer is over the buffer layer, and a
carrier-supplying barrier layer is grown over the channel
layer.

In one embodiment of the method of the invention, an
iron-doped high electron-mobility transistor structure of the
invention is formed by forming a nucleation layer over a
substrate, and growing a buffer layer over the nucleation
layer, wherein the method of forming the buffer layer over the
nucleation layer includes the steps of: i) directing essentially
constant flows of the nitrogen, gallium and iron sources into
a growth chamber at a temperature in a range of between
about 900° C. and about 1100° C., to thereby form an iron-
doped GaN layer over the nucleation layer until the iron-
doped GaN layer has a thickness in a range of between about
0.3 um and about 10 um, and preferably about 1-2 um; ii)
terminating growth of the iron-doped GaN layer by terminat-
ing the flow of the gallium and iron sources into the growth
chamber; and iii) reducing the growth temperature to a tem-
perature in a range of between about 500° C. and about 900°
C., thereby terminating formation of the iron-doped GaN
layer; iv) forming an iron-doping stop layer by re-introducing
gallium source flow into the growth chamber; v) increasing
the growth temperature to a temperature in a range of between
about 900° C. and about 1100° C. Thereafter, a nominally-
undoped channel layer is grown over the buffer layer, and a
carrier layer is grown over the channel layer.

This invention has many advantages. For example, the
inventors have discovered that, by lowering the growth tem-
perature of a buffer layer from a temperature in a range of
between about 900° C. and about 1100° C. to a temperature in
a range of between about 500° C. and about 900° C., the
consequent low-growth temperature reduces mobility of the
iron atoms floating on the surface of gallium nitride being
deposited and, consequently, forces them to become incorpo-
rated into the iron-doping stop layer being deposited. Without
being limited to any particular theory, it is believed that, if
sufficiently thick, the iron-doping stop layer grown at low
temperature will consume all of the iron atoms floating on the
surface of the iron-doped gallium nitride buffer layer and stop
iron from being incorporated into a subsequently grown chan-
nel layer of the HEMT structure. As a result, the contamina-
tion of the channel layer by iron is substantially reduced or
eliminated, thereby minimizing or eliminating any degrada-
tion of the HEMT characteristics. In addition, a reduction in
temperature during deposition of the iron-doping stop layer
enables fabrication of an iron-doped buffer layer adjacent to
the channel layer and thus minimizing leakage and poor
device pinch-off due to undesirable electron conduction
below the channel layer.
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BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a schematic representation of a prior art GaN-
based HEMT structure having modulated iron doping in the
iron-doped GaN buffer layer.

FIG. 2 is a plot of a typical iron concentration depth profile
in the iron-doped GaN buffer layer of FIG. 1 (PRIOR ART).

FIG. 3 is a schematic representation of an iron-doped
HEMT structure of the invention having a buffer layer with an
iron-doped layer and an iron-doping-stop layer.

FIG. 4 is a plot of typical iron-concentration depth profile
in the iron-doped HEMT structure of the invention shown in
FIG. 3.

FIG. 5 is a diagram illustrating a growth procedure for the
iron-doping stop layer component of the invention.

FIG. 6 is a plot of the off-state (a) and isolation (b) char-
acteristics of a prior art and of a HEMT according to this
invention.

DETAILED DESCRIPTION OF THE INVENTION

The invention is directed to an iron-doped high electron-
mobility transistor (HEMT) structure that includes a GaN
buffer layer that includes an iron-doping-stop layer, and to a
method of forming the HEMT structure of the invention.

One embodiment of a prior art high electron-mobility tran-
sistor (HEMT) structure is shown in FIG. 1. As represented
therein, prior art HEMT structure 10 includes modulated
(MD) Fe-doped gallium nitride (GaN) buffer layer 131.
HEMT structure 10 includes substrate 11, nucleation layer 12
grown over substrate 11, GaN buffer layer 13 grown over
nucleation layer 12 opposite substrate 11, gallium nitride
(GaN) channel layer 14 grown over GaN buffer layer 13
opposite nucleation layer 12, and carrier-supplying layer 15
grown over channel layer 14 opposite GaN buffer layer 13.
GaN buffer layer 13 includes lower component 131 adjacent
to nucleation layer 12 where, during formation, GaN that is
deposited on layer 12 is doped with iron (Fe). Upper compo-
nent 132 of GaN buffer layer 13 is adjacent to channel layer
14 and is nominally undoped (i.e., no iron source is intention-
ally introduced into the growth chamber during fabrication of
this layer.). However, typically a significant amount of iron is
incorporated unintentionally into upper component 132 of
GaN bufter layer 13 by virtue of surface segregation of the
iron atoms on the surface of Fe-doped component 131. (See,
for example, Balmer, et al., Phys. Stat. Sol. (¢), 3, 6, 1429-
1434 (2006), the relevant teachings of which are incorporated
herein by reference in their entirety.)

The iron concentration in Fe-doped component 131 of
GaN buffer layer 13 typically is in a range of between about
1x10"7 em™ and about 1x10°° cm™. The thickness of Fe-
doped component 131 typically is in a range of between about
0.3 pm, and about 10 um. A depth profile of iron concentra-
tion in GaN buffer layer 13 along a direction from carrier-
supplying barrier layer 15 to substrate 11 is shown in FIG. 2
and represents a depth profile measured by the second ion
mass spectroscopy (SIMS) analysis. As can be seen from FIG.
2, iron concentration in the buffer layer is relatively high in
Region I, near substrate 11, and gradually decreases in
Region II of the buffer layer toward channel layer 14 of
HEMT structure 10.

FIG. 3 is a schematic representation of an iron-doped high
electron mobility transistor (HEMT) structure of the inven-
tion. As represented therein, HEMT structure 30 includes
substrate 31, nucleation layer 32 grown over substrate 31,
Fe-doped composite GaN buffer layer 33 grown over nucle-
ation layer 32 opposite substrate 31, channel layer 34 grown
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4

over buffer layer 33 opposite nucleation layer 32 and carrier-
supplying barrier layer 35 grown over channel layer 34 oppo-
site buffer layer 33.

Buffer layer 33 includes iron-doped layer 331 and iron-
doping-stop layer 332. Preferably, iron-doped layer 331
includes at least one member of the group consisting of GaN,
AIN and AlGaN. More preferably, iron-doped layer consists
essentially of GaN. The phrase “consists essentially of”
herein means that, other than possible doping, such as iron-
doping, the material includes no other materials that signifi-
cantly affect the function of the material as a component of a
HEMT structure. In one embodiment, the iron concentration
in iron-doped layer 331 typically is in a range of between
about 5x10* cm™3, and about 1x10?° cm™. In a preferred
embodiment, the concentration of iron in iron-doped layer
331 is in a range of between about 1x10'® cm™ and about
5x10™® ¢cm™. In a most preferred embodiment, the concen-
tration of iron is essentially constant along a direction from
nucleation layer 32 to doping-stop layer 332. The concentra-
tion of iron in buffer layer 331 should be sufficient to trap
essentially all free carriers in the GaN structure of iron-doped
layer 331. The thickness of buffer layer component 331 typi-
cally is in a range of between about 0.3 um and about 20 pm,
and preferably in a range of about 1 um and about 3 pm.
Iron-doping-stop layer 332 is formed of the same nitride
material as that of iron-doped layer 331, and has a concentra-
tion of iron doping that drops from a juncture where iron-
doping-stop layer adjoins iron-doped layer 331, to a surface
distal to the juncture with iron-doped layer 331, over a thick-
ness of iron-doping stop layer 332 in a range of between about
1 nm and about 100 nm; and preferably between about 5 nm
and about 20 nm. Iron-doping in iron-doping-stop layer can
spike between the juncture and the distal surface. The con-
centration of iron at the juncture with iron-doped layer 331
typically is the same as that in the iron-doped layer, and at the
distal surface typically is below 1x10'® cm™. The concentra-
tion of iron-doping at the distal surface is typically suffi-
ciently low to minimize leakage and poor device pinch off due
to undesirable electron conduction underneath the channel
layer 34. An iron-concentration depth profile of HEMT 30 of
the invention shown in FIG. 3 is illustrated in FIG. 4. The
depth profile represented in FIG. 4 is obtained using SIMS
analysis. As shown in FIG. 4, for example, the iron concen-
tration is about 1.2x10"® in iron-doped layer 331 (“Region
I11). Iron concentration spikes to about 7x10® cm™ and falls
below 1x10'® cm™ in iron-doping-stop layer 332 (“Region
IV”). Tt is to be noted that the iron concentration of about
1x10*® cm™ is near a SIMS detection limit.

Examples of suitable substrates of HEMT structure 30 of
the invention can be any suitable substrate for a HEMT struc-
ture, as is known in the art, such as aluminum nitride (AIN),
gallium nitride (GaN), sapphire (Al,O;), silicon (Si), or sili-
con carbide (SiC). As is known in the art, a suitable nucleation
layer of HEMT structure 30 will depend upon the substrate
employed, but can be, for example, gallium nitride (GaN),
aluminum nitride (AIN), aluminum gallium nitride (AlGaN),
or a multiple-layer structure formed employing these materi-
als.

Channel layer 34 of HEMT structure 30 of the invention
can be formed of a suitable material for forming channel
layers of HEMT structures, as is known in the art, such as, for
example, gallium nitride (GaN), aluminum gallium nitride
(AlGaN), indium nitride (InN), or gallium indium nitride
(GalnN). The thickness of channel near 34 is a suitable thick-
ness for HEMT structures known in the art and, for example,
can be in the range of between about 5 nm and about 800 nm.
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Preferably, the thickness of channel layer 34 is in range of
between about 10 nm and about 100 nm.

Suitable materials of construction of carrier-supplying bar-
rier layer 35 of HEMT structure 30 of the invention can be any
suitable material known in the art of carrier-supplying barrier
layers of HEMT structures and can be, for example, alumi-
num nitride (AIN), gallium nitride (GaN) or aluminum gal-
lium indium nitride (AlGalnN) alloy. Further, the band-gap of
the material employed in carrier-supply barrier layer 35 of
HEMT structure 30 is wider than that in channel layer 30, and
the difference in internal polarization charges between car-
rier-supplying barrier layer 35 and channel layer 34 is such
that a 2-dimensional electron gas is formed in channel layer
34 of HEMT structure 30. Typically, the thickness of carrier-
supplying barrier layer 35 is in a range of between about 2 nm
and about 100 nm and, preferably, between about 3 nm and
about 30 nm. In some embodiments, a contact layer 36, con-
sisting, for example, essentially of aluminum nitride (AIN),
gallium nitride (GaN), indium nitride (InN) or aluminum
gallium indium nitride (AlGalnN) alloy can be formed over
carrier-supply barrier layer 35 of HEMT structure 30 of the
invention.

A layer that is “directly on” another layer or substrate
means that no intervening layer is present. It should also be
understood that when a layer is referred to as being “on” or
“over” another layer or substrate, it may cover the entire layer
or substrate, or a portion of the layer or substrate.

In a method for forming an HEMT structure of the inven-
tion, substrate 31' nucleation layer 32, channel layer 34, car-
rier-supplying barrier layer 35, and optional contact layer 36
are formed by methods known in the art of preparing HEMT
structures.

In one embodiment, of HEMT structure 30 of the invention
is formed by metal-organic chemical vapor deposition
(“MOCVD”). In this embodiment, a growth temperature for
forming iron-doped layer 331 is measured by use of a pyrom-
eter on a surface of a wafer carrier that is at a temperature in
a range of between about 900° C. and about 1100° C., and
preferably at a temperature of about 1000° C., which is typical
for MOCVD of gallium nitride. One embodiment of an
MOCVD growth procedure of formation of iron-doping-stop
layer 332 is illustrated in FIG. 5. After formation of nucle-
ation layer 32, iron-doped layer 331 (region i) is formed by
directing nitrogen, gallium and iron sources into a growth
chamber at an appropriate temperature, such as is known in
the art. Examples of suitable sources of nitrogen, gallium and
iron are such as are known to those of skill in the art, such as
ammonia, trimethylgallium and ferrocene. The nitrogen, gal-
lium and iron sources are directed into the growth chamber at
appropriate rates to grow iron-doped layer 331 having a
desired iron-doping profile, such as an essentially constant
concentration of iron from nucleation layer 32 to a distal
junction of iron-doped layer 331 with subsequently-formed
iron-doping-stop layer 332. An example of a preferred iron-
doping profile is shown in FIG. 4.

To terminate growth of iron-doped layer 331, flow of gal-
lium and iron sources into the growth chamber is terminated
(e.g., by stopping flow of gallium and iron sources) while
maintaining flow of the nitrogen source into the growth cham-
ber. In addition and, generally, simultaneously with terminat-
ing flow of gallium and iron sources, the temperature of the
wafer carrier is reduced from a temperature of about 1000° C.
to a temperature in a range of between about 500° C. and
about 900° C. (region ii) and, preferably, to a temperature in
a range of between about 750° C. and about 850° C. Most
preferably, the temperature to which the surface of the sup-
porting wafer carrier is reduced is about 800° C. Growth of
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iron-doping stop layer 332 is started at the lower temperature
(e.g., 800° C.), by reintroducing flow of the gallium source
into the growth chamber (region iii of FIG. 5). When iron-
doping stop layer 332 is at an appropriate thickness, such as a
thickness in a range of between about 1 nm and 100 nm,
growth is stopped by terminating the gallium source flow into
the growth chamber and the temperature of the wafer carrier,
as measured by a pyrometer, is increased from about 800° C.
back to about 1,000° C. (region iv of FIG. 5.). Growth of
nominally-undoped channel layer 34 is started at about
1,000° C. by reintroducing gallium source flow in the growth
chamber (region v. in FIG. 5.).

Although not wishing to be limited to any particular theory,
it is believed that the relatively low growth temperature
employed to form iron-doping-stop layer 332 reduces mobil-
ity of iron atoms floating on the surface of iron-doped layer
and, thus, forces the iron atoms to be incorporated into iron-
doping-stop layer 332. If grown sufficiently thick, iron-dop-
ing-stop layer 332 consumes all of the iron atoms floating on
the surface and stops the iron from being incorporated into
subsequently-grown channel layer 34. In spite of the absence
of intentional doping in iron-doping-stop layer 332, the iron
concentration in this layer can sharply increase above the
doping level in iron-doped layer 331 and then sharply
decrease to a background, nominally-undoped, or nonexist-
ent iron concentration level.

The following is a non-limiting example of one embodi-
ment of the invention.

EXEMPLICATION

FIG. 6 illustrates a working example of the HEMT struc-
ture using the uniformly Fe-doped composite GaN buffer
according to this invention in comparison with the prior art
HEMT structure using modulated Fe-doped GaN buffer. A
simple HEMT device was fabricated on each structure
through the steps of:

a. Lithography and evaporation to form ohmic contacts of

Ti/Al/Ni/Au.

b. Rapid thermal annealing of the ohmic contacts to ~850
degrees C. for ~30 seconds in flowing nitrogen.

c. Nitrogen ion implantation to a vacancy concentration of
~1 E20 cm™ to a depth of ~0.5 um for inter-device
isolation.

d. Lithography and evaporation to form Schottky contacts
of Ni/Au.

Gate length, gate-source spacing, and gate-drain spacing
were 2 um, 2 um, and 2 um. Devices were characterized for
3-terminal off-state leakage characteristics by grounding the
source contact, fixing the gate contact at -6V, and sweeping
the drain-source voltage as shown in FIG. 6(a). Isolation
leakage characteristics were measured using 2 ohmic con-
tacts separated by a 5 um implanted region. One of the con-
tacts was grounded and bias to the other contact was swept as
shown in FIG. 6(b.) One can clearly see in FIG. 6 that the
HEMT according to this invention exhibited lower leakage
and isolations currents when compared to the prior art HEMT.

EQUIVALENTS

While this invention has been particularly shown and
described with references to example embodiments thereof, it
will be understood by those skilled in the art that various
changes in form and details may be made therein without
departing from the scope of the invention encompassed by the
appended claims.
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The teachings of all patents, published applications and
references cited herein are incorporated by reference in their
entirety.

What is claimed is:

1. An iron-doped high electron-mobility transistor struc-
ture, comprising:

a) a substrate;

b) a nucleation layer over the substrate;

¢) a buffer layer over the nucleation layer, said buffer layer

including,

1) an iron-doped layer over the nucleation layer;

ii) an iron-doping-stop layer adjoining the iron-doped
layer at a juncture, the iron-doping-stop layer having
an iron concentration below about 1x10'® cm™ at a
surface distal to the juncture with the iron-doped
layer, and wherein the iron-doping stop layer has an
average thickness in a range of between about 1 nm
and about 100 nm

d) a channel layer over the buffer layer; and

e) a carrier-supplying barrier layer over the channel layer.

2. The iron-doped high electron mobility transistor struc-
ture of claim 1, wherein the iron-doping layer has a thickness
in a range of between about 5 nm and about 20 nm.

3. The iron-doped high electron-mobility transistor struc-
ture of claim 1, wherein the concentration of iron is essen-
tially constant from the nucleation layer to the iron-doping-
stop layer.

4. The iron-doped high electron mobility transistor struc-
ture of claim 3, wherein the iron-doped layer of the buffer
layer has an average thickness in a range of between about 0.5
and about 20 um.

5. The high electron-mobility transistor structure of claim
4, wherein the iron concentration of the doped layer is in a
range of between about 5x10* cm™> and about 1x10%° cm™>.

6. The iron-doped high electron-mobility transistor struc-
ture of claim 5, wherein the iron concentration of the doped
layer is in a range of between about 1x10'® cm™ and about
5x10™® cm™>.

7. The iron-doped high electron-mobility transistor struc-
ture of claim 1, wherein the buffer layer includes at least one
member selected from the group consisting of GaN, AIN and
AlGaN.

8. The iron-doped high electron-mobility transistor struc-
ture of claim 7, wherein the buffer layer has a thickness in a
range of between about 0.5 pm and about 20 pm.

9. The iron-doped high electron-mobility transistor struc-
ture of claim 8, wherein the buffer layer has a thickness in a
range of between about 1 um and about 5 um.

10. The iron-doped high electron-mobility transistor struc-
ture of claim 1, wherein the substrate consists essentially ofat
least one member of the group consisting of AIN, GaN,
Al,0;, SiC and Si.

11. The iron-doped high electron-mobility transistor struc-
ture of claim 1, wherein the nucleation layer includes at least
one member selected from the group consisting of GaN, AIN,
and AlGaN.

12. The iron-doped high electron-mobility transistor struc-
ture of claim 1, wherein the nominally-undoped channel layer
consists essentially of at least one member selected from the
group consisting of GaN, AlGaN, InN and GalnN.

13. The iron-doped high electron-mobility transistor struc-
ture of claim 12, wherein the channel layer has an iron con-
centration of less than about 1x10'° cm™.

14. The iron-doped high electron-mobility transistor struc-
ture of claim 13, wherein the channel layer has an average
thickness in a range of between about 5 nm and about 800 nm.
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15. The iron-doped high electron-mobility transistor struc-
ture of claim 13, wherein the channel layer has a thickness in
a range of between about 10 nm and about 100 nm.

16. The iron-doped high electron-mobility transistor struc-
ture of claim 1, wherein the carrier-supplying barrier layer
consists essentially of at least one member selected from the
group consisting of AIN, AlGaN and AlGalnN, and wherein
the band-gap of the carrier-supplying barrier layer is greater
than that of the channel layer, and the difference in the internal
polarization charges between the carrier-supplying barrier
layer and the channel layer results in formation of a two-
dimensional electron gas in the channel layer.

17. The iron-doped high electron-mobility transistor struc-
ture of claim 16, wherein the carrier-supplying barrier layer
has a thickness in a range of between about 2 nm and about
100 nm.

18. The iron-doped high electron-mobility transistor struc-
ture of claim 17, wherein the carrier-supplying barrier layer
has a thickness in a range of between about 3 nm and about 30
nm.
19. The iron-doped high electron-mobility transistor struc-
ture of claim 1, further including a contact layer over the
carrier-supplying barrier layer.

20. A MOCVD-based method of forming an iron-doped
high electron-mobility transistor structure, comprising the
steps of:

a) forming a nucleation layer over a substrate;

b) growing a buffer layer over the nucleation layer, the
method of forming the buffer layer over the nucleation
layer including the steps of,

1) directing an essentially constant flow of a nitrogen
source, an iron source and a gallium source to a
growth surface within growth chamber to grow an
iron-doped GaN layer at a temperature in a range of
between about 900° C. and about 1100° C. over the
nucleation layer until the iron-doped GaN layer has an
average thickness in a range of between about 0.5 um
and about 20 um,

ii) terminating growth of the iron-doped GaN layer by
terminating the flow of the gallium and iron sources
and into the growth chamber,

iii) reducing the temperature of the growth surface to a
temperature in a range of between about 500° C. and
about 900° C.;

iv) forming an iron-doping stop layer by re-introducing
flow of gallium source into the growth chamber, and

v) increasing the temperature of the growth surface to a
temperature of about 1000° C.;

¢) growing a channel layer over the buffer layer; and

d) growing a carrier-supplying barrier layer over the chan-
nel layer.

21. The MOCVD method of claim 20, wherein the buffer
layer includes at least one member of the group consisting of
GaN, AIN and AlGaN.

22. The MOCVD method of claim 21, wherein the buffer
layer has an average thickness in a range of between about 0.5
um and about 20 pm.

23. The MOCVD method of claim 22, wherein the buffer
layer has an average thickness in a range of between about 1
um and about 5 um.

24. The MOCVD method of claim 20, wherein the iron
concentration of the doped layer is in a range of between
about 5x10'® cm™ and about 1x10*° cm™>.

25. The MOCVD method of claim 24, wherein the iron
concentration of the doped layer is in a range of between
about 1x10'® cm™ and about 5x10™® cm™>.
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26. The MOCVD method of claim 20, wherein the sub-
strate consists of at least one member of the group consisting
of GaN, AIN, Al,O,, SiC and Si.

27. The MOCVD method of claim 20, wherein the nucle-
ation layer consists essentially of at least one member
selected from the group consisting of GaN, AIN, and AlGaN.

28. The MOCVD method of claim 20, wherein the channel
layer is at least one member selected from the group consist-
ing of GaN, AlGaN, InN and GalnN.

29. The MOCVD method of claim 28, wherein the channel
layer has an average thickness in a range of between about 5
nm and about 500 nm.

30. The MOCVD method of claim 29, wherein the channel
layer has an average thickness in a range of between about 10
nm and about 30 nm.

31. The MOCVD method of claim 20, wherein the carrier-
supplying barrier layer includes at least one member selected
from the group consisting of AIN, AlGaN and AlGalnN, and
wherein the band gap of the carrier-supplying barrier layer is
greater than that of the channel layer, and the difference in the
internal polarization charges between the carrier-supplying
barrier layer and the channel layer causes formation of a
two-dimensional electron gas in the channel layer.

32. The MOCVD method of claim 31, wherein the carrier-
supplying barrier layer has an average thickness in a range of
between about 2 nm and about 100 nm.

33. The MOCVD method of claim 32, wherein the carrier-
supplying barrier layer has an average thickness in a range of
between about 3 nm and about 30 nm.

34. The MOCVD method of claim 20, further including a
contact layer over the carrier-supplying barrier layer.
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